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MCA results in pairs (MCA modes) of spatial patterns and associated time series for each 123 field, which are coupled through a maximized covariance of their associated time series. For 124 each MCA mode, the spatial patterns are shown as regression maps determined by regressing 125 both data fields (sea-ice concentration or snow cover and atmospheric fields) of the MCA 126 onto the same standardized associated time series for the atmospheric field for the respective 127 MCA mode. Therefore, the regression maps for the atmospheric fields are called 128 homogeneous regression maps, whereas the regression maps for the sea-ice concentration or 129 snow cover fields are called heterogeneous regression maps. The regression maps represent 130 typical anomaly patterns associated with the MCA. Statistical significance of the regression 131 maps is determined by applying a two-tailed Student's t-test for correlation at 95% confidence 132
level. 133
The with sea-ice and snow-cover indices is assessed using a two-tailed Student's t-test for 142 correlation at 90% and 95% confidence level. Furthermore, differences in magnitude of EP-143 flux vectors between the time periods are investigated for significance using a Mann-144
Whitney-Wilcoxon test with 90% and 95% confidence level. 145
Results and discussions 146
By applying a MCA, optimized coherent large-scale patterns of September sea-ice 147 concentration and October snow-cover extent have been detected, which covary with the 148 atmospheric circulation structures in the following winter. Fig. 1 displays the first pair of 149 coupled MCA patterns of Arctic sea-ice concentration in September (HadISST monthly mean 150 data) with ERA-Interim fields of sea-level pressure (SLP), 500 hPa and 50 hPa geopotential 151 height fields (GPH500 and GPH50) in winter (DJF mean) for the period 1979-2012. The 152 leading MCA patterns explain 44%, 32% and 56% (for SLP, GPH500 and GPH50) of the 153 squared covariance fraction. At all levels, the leading MCA mode describes diminishing sea 154 ice over the northern edge of the Barents Sea, the Kara, Laptev and Chukchi and Beaufort 155
Seas covarying with a pressure anomaly pattern resembling the negative phase of the AO 156 throughout the troposphere and stratosphere with a predominantly zonally symmetric 157 response. In the troposphere this mode leads to a weakened Icelandic Low and a westward 158 shifted and strengthened Siberian High. The second most important pairs of coupled MCA patterns between the sea-ice concentration 170 field and atmospheric fields of SLP, GPH500 and GPH50 (Fig. 2) explain 18%, 21% and 11% 171 of the squared covariance fraction, respectively. In the troposphere, a September sea-ice 172 pattern with sea-ice retreat over the Beaufort Sea and over the East Siberian Sea and northern 173
Barents and Kara Seas is preceding a more wavelike atmospheric response. At the surface, the 174 SLP anomaly pattern is characterized by an enhanced pressure anomaly westward of the 175 Aleutian Low in the North Pacific and northward shift of the Icelandic Low. Over Eurasia a 176
positive circulation anomaly appears which again contributes to a westward shifted and 177 strengthened Siberian High. At 500 hPa, the atmospheric anomaly pattern shows distinct 178 similarity with the surface anomaly pattern. In the stratosphere, a wavenumber-one pattern 179 indicating a shift of the polar vortex towards Canada and Alaska that is related to sea-ice 180 retreat over the Beaufort Sea and northern Kara Sea. 181 Fig. S1 ) between simulated snow-cover anomalies and simulated atmospheric 209 fields of SLP and GPH500 explain 26% and 30% of the squared covariance fraction which is 210 less than in the reanalysis data. The snow-cover changes of the leading mode display 211 increases over large parts of eastern Siberia and northwest America and decrease over west 212
Siberia and eastern North America. The structure and amplitude of this pattern is different 213 compared to those obtained by the MCA with the reanalysis data, which suggests differences 214 between the simulated and observed snow cover. The related atmospheric response fields of 215 this leading mode are characterized by quasi-barotropic wave structures and bear a strong 216 similarity with the simulated leading atmospheric patterns related to sea-ice changes (compare 217 Fig. S1 and Fig. 3 ). 218
The model underestimates the strong negative AO response to sea ice and snow cover 219 anomalies detected in the reanalysis data. To understand the origin of these model 220 shortcomings in the atmospheric circulation response in winter following sea-ice and snow-221 cover anomalies in autumn, the wave activity in the troposphere and the stratosphere has been 222 Fig. 5d . In contrast to the 245 results for the reanalysis data (Fig. 5b) , the model simulations do not reveal statistically 246 significant correlations. The modelled snow-cover impact is weaker relative to the 247 observations and suggests deficits in the coupled atmosphere-snow-soil feedbacks over land 248 which impacts on the wave propagation from the surface into the stratosphere. 249
The impact of tropospheric changes following variability in autumn sea ice and snow cover 250 onto the overlying stratosphere is determined by the troposphere-stratosphere coupling and is 251 data display large differences between the two ocean basins (Supplementary Figs. S2c and  262 S2d). Over the Atlantic sector (Fig. S2c) , strong, significant changes of the magnitudes of the 263 planetary-scale EP-fluxes are found between 45°N-70°N in the lower and middle troposphere, 264 which are mainly due to an increase in the vertical component of the wave flux. Above 300 265 hPa, the increase in the EP flux in the mid-latitudes is due to stronger southward wave fluxes. 266
The increase in stratospheric fluxes is mainly determined by the enhanced vertical component 267 of the wave fluxes. Over the Pacific (Fig. S2d) Over the Pacific (Fig. S3d) , the difference plot between low-ice and high-ice phases is 281 Here we showed that the observed negative AO in response to sea-ice and snow-cover 297 changes is underestimated by the AGCM ECHAM6. The planetary wave train structures over 298 the Pacific and North America region are well simulated, but the strengthening and westward 299 shift of the Siberian high pressure system is too weak compared with reanalysis data. We 300 identified deficits in the simulated changes in planetary wave propagation characteristics in 301 response to sea-ice and snow-cover changes, which is one potential contributor to model 302 
